Uptake of [3H]DHZ by tomato seedlings  by Arthur, G.D. et al.
Soulll AfrICan Journal of Bolany 2001. 67 661- 666 
Pnnled In South Afm:a - All nghls reserved 
Copynght © NISC Ply LId 
S'OuTH ) .. FRICAN JOURNAL 
OF BOTANY 
ISSN 0254--6299 
Uptake of (3H]OHZ by tomato seedlings 
GD Arthur, AK Jager and J van Staden" 
Research Centre for Plant Growth and Development, School of Botany and Zoology, University of Natal Pielermaritzburg, 
Private Bag XOI , Scottsville 3209, South Africa 
1< Correspond;ng author, email: vanstadenj@nu.ac.za 
Received 12 December 2000, accepted in revised form 23 April 2001 
[' H]DHZ applied to intact roots of Lycopersicon escu-
lentum seedlings was taken up faster from plants grow-
ing in soil than in liquid medium. However, subsequent 
export to the shoots was slower from roots growing in 
soil. Radioactivity was detected in an unlabelled medi-
um into which seedlings that had been cultured in 
labelled solution for three days were subsequently 
transferred, Radioactivity taken up by one half of a split-
root system moved into the unlabelled root half and 
then into the unlabelled medium in which it was grow-
ing. The current results provide evidence for metabo-
lism of cytokinins in various media, uptake from the 
media, subsequent transport and metabolism in the 
shoots. Of interest is that radioactivity was also 
released from the roots, There is clearly a need to pay 
greater attention to 'circulatory' movement of cytokinins 
between plant roots and the environment in which they 
are growing. 
Abbreviations: Bq - becquerel. DHZ - dihydrozeatin, HPLC - high performance liquid chromatography, (OG)Z - zeatin · O~glucoside, 
[9RJiP - isopentenyladenosine, Z - trans-zeatin, (9R]Z - zea tin riboside 
Introduction 
It is well established that organic substances pass between 
plant roots and the medium within which they are growing. 
Greatest release appears to be associated with the regions 
with highest biological activity, the root tip (Scroth and 
Hildebrand 1964). Most plant roots wil l release a wide range 
of compounds depending on growing conditions (Rovira 
1969). This apparently includes the release of cytokinins 
(Van Staden 1976a, Yoshida et al. 1971, Murofushi el al. 
1983). 
II is generally accepted that cytokinins are synthesised in 
the root tips and then exported to the shoot (Radin and 
Loomis 1971, Short and Torrey 1972, Van Staden and 
Davey 1979). There is however, considerable evidence that 
within the soi l, microbes produce cytokinins (Nieto and 
Frankenberger 1989). In addition senescing leaves, contain-
ing large quantities of cytokinins (Van Staden 1976b) fall 
onto the soil surface and are then released into the soil dur-
ing decomposition (Arthur et al. 2001) . Cytokinins also reach 
Ihe soil as components of honeydew (Van Staden 1976a). 
This suggests that there could be a considerable degree of 
cylokinin cycling in the plant root environment. If taken up, 
this exogenous supply of cytokinin may be added to the 
endogenous supply with in the root and may influence the 
synthesis and metabolism of growth regulators 
(Frankenberger and Arshad 1995). The rate of cytokinin 
uptake could be related to the rate of cytokinin metabolism 
and transport within Ihe root itself (Fox 1966, Dekhuijzen et 
al. 1978). Lagerstedt and Langston (1967) showed that 
labelled kinetin is readily taken up by intact roots of tobacco 
seedlings and that the label is Ihen distributed throughout 
the plant. However, in later experiments a characteristic fea-
ture was that, a~er uptake by intact roots kinetin (Morris and 
Winfield 1972), zeatin (Gordon et al. 1974) and benzylade-
nine (Mazes and Altman 1977) showed low root to shoot 
mobility. The three cytokinins are either rapidly oxidised 
(zeatin) or are not proven natural products synthesised in 
plants (kinetin and benzyladenine). In this study we used 
DHZ which is relatively stable againsl cytokinin oxidase 
(Hare and Van Staden 1994) to establish the degree of 
cytokinin uptake by tomato roots from both liquid and soil 
culture media. Attention was also given to the metabolism 
and transport of the cytokinin. The hypothesis tested was 
that cytokinins present in different growing media of 
seedlings are taken up, metabolised , and some then again 
released by the roots into the medium. It was hoped to 
establish the degree of cytokinin cycling between the plant 
root and its rhizQsphere. 
Materials and Methods 
Seeds of Lycopersicon esculentum CV. Floradade were ger-
minated in trays under day/night temperatures of 25°C for 
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16h and 15°C for 8h, respectively. light was provided con-
tinuously at an intensity of 62~mo l m·2s·1, After one week 
some seedlings were transplanted into soil and others trans-
ferred to Hoagland's liquid nutrient medium. When three 
weeks old seedlings in the nutrient medium were transferred 
to 2ml quarter strength Hoagland's medium in a pill vial con-
taining DHZ - ( 1 0 ~M-Apex Organics) spiked with ['H1DHZ 
(O . 052~C i ml·'-Amersham). In a second treatment plant 
roots were left in the I' H1DHZ for 3 days , rinsed thoroughly 
with water and then transferred back to un labell ed 
Hoagland's solution to ascertain the possible release of 
cytokinins (radioactivity) from the roots. The plants were 
then left for a further 3 days. I' H1DHZ was also applied to 3-
week-old potted seedlings by adding the radioactive 
cytokinin as an aqueous solution to the soil. In all experi-
ments 3 replicates were used and the experiments repeated 
once. 
10 confirm the uptake and/or release of cytokinins, 8-
week-old tomato seedlings had their roots split into Iwo with 
a sharp scalpel and each half then separately inserted into 
a pi ll vial. They were cultured in Hoagland's solution for 2 
days. On the third day one half of the root was supplied with 
2ml [' H1DHZ (O . 052~Ci mi" ) whilst the other half remained in 
unlabelled Hoagland's solution. Seedlings were harvested 3 
days after treatment and their roots washed to remove all 
traces of radioactive solution by suspending them in a fun-
nel and rinsing with 80% ethanol. The wash solutions were 
added to the respective media. After all treatmenls Ihe 
plants were divided into roots and shoots and these 
weighed. The material was immediately frozen in liquid nitro-
gen and stored at _20°C. 
Extraction of labelled cytokinins 
Roots and shoots were homogenized separately in 20ml 
80% ethanol using a mortar and pestle. Extracts were left 
overnight at 4°C for further extraction . The homogenates 
from the tomato sections were filtered through Whatman No. 
1 filter paper. The res idue was washed twice with the initial 
volume of 80% ethanol. The extracts were air dried in vacuo 
and resuspended in 1 ml 80% ethanol. The radioactivity, in a 
200 ~ I aliquot of each extract, was determined. The respec-
tive media were dried in vacuo and the labelled cytokinins 
extracted with 80% ethanol. Before HPLC the remaining 
fractions of the samples were filtered through 0 .22~M 
Mill ipore fillers , dried and resuspended in 1 ml 80% 
methanol. The instrument used was a Varian 5000 Liquid 
Chromatograph, Varia n UV 50 variable wavelength detector 
at 254nm and an analytical Supelcosil LC-18-DB-5~ 
(25.0cm x 4.6mm) column at a flow rate of 1 ml min". The 
mobile phase was methanol in TEA buffer (0.2M acetic acid 
buffered to pH 3.5 with triethylamine run at a gradient of 
5- 50% methanol over 90 min. Prior to the separation of 
labelled cytokinin samples, unlabelled aulhentic standards 
were subjected to the HPLC programme to ascertain their 
retention times so that comparisons with the radiolabelled 
peaks could be made. The standards used were [9R-
MP1DHZ, DHZ, [9R1DHZ, (9Rl(OG)DHZ and (OG)DHZ. 
Fractions of samples from HPLC were collected at one min 
intervals in polyethylene scintillation vials . To these were 
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added 4ml Ready Value Liquid Scintil lation Cocktail. This 
was coun ted using a Beckman LS 3801 Scintil lation 
Counter. Extracts of tomato seedl ings cultured in unlabelled 
Hoagland's solution as well as the solutions were used as 
controls for background counts. 
Results 
Three days after culturing tomato seedlings in [' H1DHZ-con-
ta ining Hoagland's liquid media, radioactivity was detected 
in all parts of the seedlings and in the respective media. 
Activi ty was expressed as a percentage of the total radioac-
tivity recovered in each experimental system. The tentative 
identity of the metabolites was based on co-chromatog raphy 
with aulhentic standards. Of the total [' H1DHZ initially 
applied to the plants 77% was recovered from the system 
where seedlings were growing in the liquid media and 76% 
from seedl ings growing in pots in soil. Activi ty recovered in 
the system where seedlings were cultured in a labelled solu-
tion and Ihen transferred to an unlabelled Hoagland's solu-
tion was 66%. A substantial amount of radioactivity taken up 
by the tomato roots was transported to the shoots. Of the 
radioactivity recovered from the soil grown plant system 
63% was found in the roots, and only 12% in the shoots. 
Comparative figures for the liquid solution were 35% and 
19% respectively (Table 1). Less radioactivity was taken up 
from the liquid medium than when the plants were grown in 
soil. Uptake was better from the soil but transport to Ihe 
shoot slower (Table 1). 
When the seedl ings were transferred from the labelled to 
unlabelled Hoagland's solution for 3 days 7% of the radioac-
livity which had been taken up by the seedlings was appar-
ently released into Ihe unlabelled media (Table 2) . To con-
firm such release a split-root system was employed. A small 
amount of radioactivity (1 %) was found in the unlabelled 
media and 5% in the root in the unlabelled media (Table 3) . 
This indicated that the shoots were transporting part of the 
radioactivity which had been taken up by them to the roots 
in the unlabelled medium and that a small fraction was 
indeed released into this medium. 
In order to obtain more information about the radioactivity 
taken up and transported and/or metabolised, part of the 
cytokinin extracts from both the roots, shoots and remaining 
media was fractioned by HPLC. When a sample of Ihe 
[' H1DHZ was fractionated by HPLC only one peak of 
radioactivity which co-chromatographed with authentic DHZ 
was obtained . However, when the remaining labelled liqu id 
Table 1: Recovery of radioactivity in parts of 3-week-old tomato 
seedlings cultured in a liquid solution and in soil with [3HJDHZ for 3 
days. Radioactivity recovered from the medium is indicated. Results 
are expressed as a % of the total recovered 
Growing medium Component analysed Radioactivity 
recovered (%) 
Shoots 35 
Liquid Roots 19 
Medium 46 
Shoots 12 
Soil Roots 63 
Medium 25 
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Table 2 : Recovery of radioactivily in parts of 3-week-old lomato 
seedlings cultured in a [3HJDHZ labelled liquid medium for 3 days 
and then transferred to Hoagland's solution for 3 days . 
Radioactivity recovered from the residual labelled medium and the 
final Hoagland's solutions are shown 
Component analysed 
Shoots 
Roots 
Remaining labelled medium 
Final Hoagland's medium 
Radioactivity recovered (%) 
19 
24 
50 
7 
medium was concentrated and extracted for cytokinins 
peaks of radioactivity that co-chromatographed with Ade, 
Ado, (OG)OHZ, OHZ and [9RJDHZ were detected (Figure 
1 A). There were also two unknown peaks of activity eluting 
between 60 and 70min. Within the roots the major peak of 
radioactivity co-chromatographed with [9R)DHZ and very lit-
tle activity was associated with DHZ (Figure 16). In the 
shoots this value decreased even further (Figure 1 C) . In the 
roots, labelled metabolites co-chromatographed with Ade, 
Ado and [9R-MP)DHZ (Figure 16), while in the shoots Ade 
and the two unknown peaks and radioactivity that co-chro-
matographed with iP and [9R)iP predominated (Figure 1 C). 
ot interest is that there were clear indications of [' H)DHZ 
uptake, transport and metabolism. The number of radioac-
tive peaks detected in the liquid medium was surprising . 
In the medium washed from the soil fewer radioactive 
peaks were detected (Figure 2A). The major radioactive 
peaks co-eluted wilh the unknown peaks (60-70min) , iP and 
[9R)iP. The root systems of the plants growing in soil con-
ta ined 63% of the activity recovered (Table 1). A major por-
tion of th is radioactivity co-eluted with DHZ and its riboside 
(Figure 26). The unknown peaks and compounds that co-
chromatographed with (OG)DHZ and [9R-MP)DHZ featured 
prominently. Only 12% of the recovered radioactivity was 
detected in the shoots and most of this co-eluted with Ade 
and Ado (Figure 2C). What is interesting is that so little of the 
radioactivi ty taken up was exported from the roots. When 
the plants were transferred from a labelled to an unlabelled 
nutrient medium the results were much the same in overall 
metabolism and the degree of transport of radioactivity 
(Figure 3). Very low levels of radioactivity were detected in 
the unlabelled medium into which the roots were transferred 
(Figure 36). If this activity had not adhered to the roots then 
it was released from them. 
Soil and plants used in the trial were not sterile. In an 
experiment where ['H)DHZ was supplied to sterile and non-
sterile soi ls for 3 days the highest peak of activity in the lat-
ter was detected at a retention time of 61 min which did not 
co-chromalograph with any authentic cytokinin. The highest 
peak in the sterile soil, though very small, co-eluted with 
DHZ and lor (OG) DHZ. Over time the concentration of 
cytokinin recovered from non-sterile soil tended to decrease 
(Arthur 1999) probably due to microbial action. 
Discussion 
[' H)DHZ applied to tomato seedlings via the growing media 
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Table 3: Distribution of [3HJDHZ in sections of a-week-old split-root 
tomato seedlings with one half of the root cultured in labelled and 
the other half in unlabelled media 
Component analysed 
Labelled medium 
Roots in a labelled medium 
Shoals 
Roots in unlabelled medium 
Unlabelled medium 
Radioactivity recovered (%) 
52 
17 
25 
5 
was taken up and extensively metabolised . About 45% of 
the total radioactivity applied was recovered from the 
seedlings. When applied via a liquid medium less radioac-
tivity was taken up than when applied via the soil. However, 
transport from the soil grown roots was much less than from 
the roots grown in a liquid medium. While lower in concen-
tration, the number of radioactive peaks in the soil wash was 
much the same as in the liquid medium. 
While plants are capable of synthesising phytohormones 
they may also respond to an exogenous supply during cer-
tain growth phases and under certain cultivation conditions. 
Plants may not always have the capacity to synthesise suf-
ficient endogenous cytokinins for optimum growth and 
development under sub-optimal climatic and environmental 
conditions. Radin and Loomis (1971) commented that since 
the cytokinin content of fleshy roots increase with time the 
cytokinins were either synthesised endogenously or import-
ed from other plant parts. The current experiments indicate 
the they can also be taken up from the environment. There 
are, however, cases where inhibition of root growth by 
applied cytokinins had been noted (Svensson 1972, Torrey 
1976). 
In the current experiment [3H)DHZ was extensively 
metabolised and only small peaks of radioactivity co-eluted 
with the applied base which is regarded as one of the more 
stable forms of cytokinin (McGaw and Horgan 1985). The 
reasons for th is could be: (i) a reaction of the system to 
detoxify the excess cytokinin which increased the endoge-
nous cytokinin concentration; and/or (ii) that the exogenous 
label may have come into contact with enzymes that the 
endogenous cytokinins would not normally encounter due to 
intracellular compartmentation (McGaw and Horgan 1985). 
Van Staden and Crouch (1996) indicated that an actual role 
for cytokinin oxidase in the control of the endogenous levels 
of cytokin ins is difficult to assign when certain anomalies are 
taken into account. In Vinca crown gall tissue and maize ker-
nels the most abundant cytokinins are [9R)Z and zeatin 
(Scott ef a/. 1982). These hormones are readily metabolised 
by cytokinin oxidase (Whitty and Hall 1974), which is known 
to be presen t in these tissues. Compartmentation of the sub-
strates probably prevents these cytokinins from coming into 
contact with the oxidative enzyme syslem (McGaw and 
Horgan 1983). In th is investigation, techniques used to inac-
tivate phosphates were not employed as it has been 
demonstrated that this elaboration is not necessary (Crouch 
and Van Staden 1992). 
O-Glucosylation is frequently the major pathway of DHZ 
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Figure 1: Radioactivity detected after HPLC separation of cytokinin 
extracts obtained by growing tomato plants for 3 days in a liquid 
medium conta ining [l H]DHZ. (A) remaining labelled medium, (8 ) 
roots, (C) shoots 
metabolism. While it was a frequent metabolite in the roots 
and the media in this experiment it was not the major 
metabolite . In the present study there were indications of 
side chain cleavage as major peaks of radioactivity co-elut-
ed with Ade and Ado. In a study investigating the metabolism 
of ['H]DHZ, side chain cleavage was an essential compo-
nent or metabolic turnover. The tissues exhibited side chain 
cleavage of DHZ derivatives with no evidence of prior con-
version to Z or [9R]Z. The formation of compounds co-chro-
matographing with Ade and Ado suggested the presence of 
an un characterised enzyme system which has the ability to 
cleave a saturated side chain at N' (Singh et al. 1988). 
Radioactivity associated with the ribosides , which are the 
translocation forms, were negligible in both the roots and the 
shoots. The proportion of radioactivity associated with DHZ 
was also not substantial enough to warrant the claim that it 
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Figure 2: Radioactivity detected after HPLC separation of cytokinin 
extracts obtained from tomalo seedlings 3 days after PHJDHZ was 
applied to the soil in which they were growing. (A) soil extract, (8) 
roots , (C) shoots 
is more stable than its saturated relative, zeatin due to the 
resistance to side chain cleavage inferred by the absence of 
a ., double bond in the isopentenyl side chain (McGaw and 
Horgan 1985). In detached leaves of Phaseolus vulgaris, 
however, DHZ was extremely stable (Palmer et al. 1981). 
A large proportion of the applied radioactivity, particularly 
in the liquid media, was recovered after 3 days, mostly in the 
metabolised state. Thus, there was either metabolism in the 
media, particularly in the soil, or some radioactivity was 
taken up by the roots, metabolised and then released again 
into the media. 
The 7% radioactivity detected in the fresh Hoagland's 
solution and the detection of radioactiv ity in the spli t-root 
experiment strongly suggest that compounds were released 
from the seedling roots. This is in agreement with the find -
ings of Rovira (1969) that intact roots exude small amounts 
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Figure 3: Radioactivity detected after HPLC separation of cylokinin 
extracts obtained from tomato seedlings growing in a liquid medium 
containing [;HJDHZ for 3 days and then transferred to fresh nutrient 
solution for a further 3 days. (A) original remaining labelled medium, 
(B) final unlabelled nutrient medium, (C) roots, (D) shoots 
of organic materials and that cytokinins were released by 
maize roots into a tiquid medium (Van Staden 1976c). White 
it is possible that residual radioactive material on the roots or 
perhaps from the outer free space of the root cells could 
have contributed to the detected radioactivity this could not 
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be so for the experiment utilising split-roots. From the extent 
of metabolism detected in the labelled media it is possible 
that most of the activity recovered was due to metabolites 
formed with in the first few hours after absorbtion and were 
released back into the media and again reabsorbed (Koda 
and Okawaza 1978). There is the possibility that cytokinins 
were metabolised on the root surface. 
The spl it-roo t experiment provided evidence for the 
release of label into the medium. Due to the low radioactivi-
ty the medium was not analysed by HPLC and it is unknown 
whether the radioactivity present was DHZ and/or its deriva-
tives or other compounds. The low level of radioactivity 
detected was consistent with a report where cytokinin 
detected in an intact roo t medium was found to be a fourth 
of that detected in excised root medium (Koda and Okawaza 
1978), indicating very slow release from intact root systems. 
Rovira (1969) reported that when roots were grown in quartz 
sand, a sevenfold increase in the release of certain amino 
acids was noticed. This was attributed to the additional 
quantity that might have originated from root cells and root 
hair damage caused during the removal from soil, before 
leaching out of the leachate. Therefore results obtained with 
the liquid culture system should not be expected to be as 
high in soil culture or under natural environmental condi-
tions. 
At present the radioactive metabolites are not identified. 
Some of the radioactive peaks co-eluted with [9R]OHZ, 
(OG)OHZ, [9R](OG)OHZ, [9G]OHZ and unknown com-
pounds. The tomato seedlings also release some of their 
metabolites into the med ium through the intact roots. It is of 
interest to note that once taken up, transport of metabolites 
from the roots to the shoot was slower in the seedlings cul-
tured in the soil compared to seedl ings cultured in the liquid 
media. Therefore the type of medium seem to influence the 
rate of uptake, metabolism and transport. The route of 
metabolism could involve O-glucosylation, and/or side chain 
cleavage. Further degradative metabolism could subse-
quently occur due Lo environmental conditions exis ting in the 
plant system. 
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